Abstract The use of plant fibres in composite applications requires an efficient characterisation of their mechanical properties and thus an accurate description of their internal structure. The review of literature points out that there is still a lack of data on the organisation and structure of bast fibres. In this study, we propose to investigate the internal structure of hemp fibres using two experimental techniques: Focused Ion Beam (FIB) microscopy and optical coherence tomography (OCT). Results indicate that OCT, a non-destructive and noninvasive technique, is a powerful technique to quickly and easily describe the internal structure of fibres and also to discriminate single fibres from bundle of fibres. In this paper, we also show that among technical hemp fibres and for a same range of external diameters (of about 20-30 lm), two types of internal structures can be observed: (i) elementary fibres with a thick wall and a small lumen and (ii) bundle of small fibres with an external diameter of a few microns. According to data of literature, these two structures were identified as being respectively primary fibres and bundle of secondary fibres. This result is of great importance for the mechanical characterization of the bast hemp fibres. Indeed, this means that during the test campaigns, the batch of isolated fibres is undoubtedly composed of both single primary fibres and bundle of secondary fibres. It certainly participates to the high scattering in results.
Introduction
In recent years, composite industries and researchers have shown a keen interest in plant-based fibres. However, before such fibres can be used for the reinforcement of organic matrices in high-performance applications as an alternative to man-made fibres, an accurate understanding of their mechanical behaviour is required [1] .
These fibres are effectively characterized by an intricate structure, morphology and organisation [2] which make the determination of their mechanical properties more complex than for solid circular man-made fibres [3, 4] . The elementary fibres have a typical cell plant structure, with a lumen and a particularly thick wall. They have a rounded polygonal outer shape which is irregular and non-uniform along length of the fibre and also varies from one fibre to another. The central cavity can be narrow, round or elliptical, with a diameter depending of the plant maturity [5] . As in other fibre-rich plants but contrary to flax, hemp produces secondary fibres in addition to the primary bast fibres. These two types of fibre occurring in hemp show different and independent development. The primary fibres appear earlier in the development in the rapid growth stage and are formed from the primary meristem in the phloem. At maturity, primary fibres reach many millimetres in length (up to 100 mm) and with compact cell walls that almost fill the lumen [5] [6] [7] . They are present from bottom to top of the plant [5, 8] . In contrast, the secondary fibres are formed in later stages during thickness growth from the secondary meristem. Secondary fibres are generally thinner, shorter and with higher lignin content than the primary fibres. Figure 1a -e, published in Ref. [8] and kindly provided by P. Knox with permission for use here, show the location, structure and morphology of these two fibre types. The proportion of primary fibres in the bast fibres is generally measured from 73 to 93 % [9] and is showed to affect mean strength of fibres [10] .
The variability in fibre properties, often pointed out in literature, can be ascribed either to the variability introduced by the applied experimental characterisation method, or to the inherent variability of the fibre themselves [11] . An important inaccuracy is especially achieved in the tensile testing procedure when determining the cross-sectional area of the fibres. A typical approach consists of considering the fibres as being circular, ignoring the presence of the lumen, and using the measured fibre diameter to evaluate the crosssectional area as for a cylinder. This is found to be one of the major reasons for the variability in properties [11] . Virk et al. [12] demonstrated for jute fibres that the coefficient of variation of the strain at failure (which is independent of the fibre cross section unlike the modulus and strength), is consistently lower than that of strength or rigidity and lower value of CoV signifying smaller variations.
Another difficulty, when working with elementary fibres, is to ensure the single character of the fibre. This point is unfortunately only poorly discussed in the literature. Effectively, in the stem of the plant, elementary fibres are glued together by a pectin interface, to form technical fibre bundles. Mechanical, chemical or bacteria treatments, inducing a more or less important decomposition of the cell wall, can be used. The measured mechanical properties are highly dependent to the procedure used to extract the fibre from the plant. Burgert et al. [13] [14] [15] proposed an interesting comparison of the properties of fibres chemically or mechanically isolated. Bourmaud et al. [16] proposed for flax a water-washing treatment to facilitate the extraction of elementary fibre and to preserve the fibre integrity. So, whatever the method used to isolate the fibres, it is crucial to establish a rapid, non-destructive and objective method to observe the inner structure and 3D shape of the fibre and ensure its unitarian character. This is a real challenge from an experimental point of view. The difficulty comes from the size and fragility of elementary fibres making preparation and handling challenging. Using optical microscopy, the lumen can be revealed looking at the fibre against the polarised light [2, 17] . Unfortunately, the contrast between the cell wall and the lumen is sometimes inadequate, and the cell wall transparency is not enough to ensure a quantitative analysis. As underlined by Abbey et al. [18] , the mode of visualization is also important and may involve interaction between the probe and the fibre. SEM observations can, for example, induce deformation or shrinkage of a fibre, due to the use of low vacuum conditions, and produce significant surface modifications due to electron beam damage. Charlet and co-authors [19, 20] proposed also direct insights on flax fibre structure by Focused Ion Beam (FIB) microscopy. In this case, the cell wall is damaged. Gallium ions strongly interact with the flax fibre releasing secondary ions and secondary electrons which are used to capture an image of the sample surface.
Observations of the fractured end surface after tensile test, as proposed by several authors, do not constitute a relevant method, since significant modifications of the fibre geometry and damages could have occurred under mechanical loading. The observation can also be performed before the tensile test after cutting the fibre extremity. Regrettably, cutting techniques using microtome can induce damage and deformation. Clair et al. [21] observed on poplar tensionwood fibres a reduction of lumen area at the cutting level.
So, it is undoubtly recommended to use non-invasive, non-destructive techniques to characterise the fibre morphology. X-ray micro tomography is a powerful and promising method to produce 3D digital representations of elementary fibres by mathematically reconstructing projection data collected by illuminating the fibre with X-rays from many directions [18, 22] . However, this technique requires high-resolution synchrotron systems and is time consuming. This technique is inappropriate for a quick morphological characterisation as necessitated by tensile test campaigns. Optical methods constitute also promising methods. Malek et al. [23] showed interesting results using digital holographic tomography on flax fibres.
This work proposes a different optical tomography technique for rapid, accurate and non-destructive visualization of the inner structure of the fibres: the optical coherence tomography (OCT). OCT is a high-resolution, non-invasive and real-time optical imaging technique that has attracted great interest over the last two decades especially in the field of biomedical imaging (ophthalmology, gastroenterology and cardiology). The technique can perform a cross-sectional tomographic imaging of the internal microstructure of materials and biological tissues [24, 25] . It is a similar principle than this of echography except that it uses light instead of sound. This system measures the backscattered and backreflected light from the different layers in the sample. In terms of performance, compared to echography, OCT has a resolution of 10-100 times finer, but the available depth is 10 times lower. The resolution is close to confocal microscopy (1-15 lm) with a penetration depth of 2-3 mm, limited by scattering and absorption of the tissue. The principle of this technique was invented by J.G. Fujimoto in the late 1980s, and the OCT imaging was demonstrated in 1991 by Huang et al. [26] .
The first commercial system (for ophtalmic diagnosis) has been proposed by Carl Zeiss Meditec in 1996.
Today OCT encounters impressive developments and improvements. There are two main configurations for OCT systems: Time-domain OCT (TDOCT) and Fourier-domain OCT (FDOCT), the later being the most powerful in term of detection capability. The potentiality of this technique was already proved for in vivo visualization of plant cells by Hettinger et al. [27, 28] with a spatial resolution of 5 lm. This work proposes an investigation using an enhanced OCT technology, which is a hybrid system developed in the FEMTO-ST laboratory (Optical Department) for primarily a spectroscopic purpose with a spatial resolution of approximately 1 lm. A comparison between the internal structures revealed using FIB transverse cutting and OCT intensity profiles is proposed.
Materials and methods

Plant material
Hemp fibres (Cannabis sativa L.) were procured from the LCDA Company in France. Elementary fibres were isolated by hand and glued on thin paper frame to facilitate and simplify their handling.
Optical coherence tomography
The OCT technology used for this work is a hybrid system developed using scan-free time correlator (Fig. 2 ). This is an alternative to TDOCT and FDOCT [29] [30] [31] [32] that was demonstrated at the end of the 90ies [33, 34] although the principle was already shown in 57 by Connes [35] . Such a system is a time-domain correlator with a direct and instantaneous registration of the Amplitude modulation scan (Ascan) in the time domain. This kind of correlation presents a similar sensitivity to that of TDOCT systems (hence 20 dB lower than FDOCT). As compared to FDOCT, the Ascan is directly registered (and hence displayed) in the time domain, whereas in FDOCT, the acquisition is realized in the spectral domain. Several systems are possible using different possible configurations, and interesting properties have been demonstrated for spectroscopic purpose and for dispersion compensation [36] [37] [38] [39] [40] . The system used in this work is described in Fig. 2 . The experimental set-up used is composed of two parts.
(i) Firstly, the sample information is encoded via an interferometer. The latter is illuminated with a supercontinuum of light issued from a microstructured optical fibre pumped by a Q-switched Nd-YAG laser (by Leukos Innovative Optical Systems). The Supercontinuum has a full spectral range from 350 nm up to 2300 nm. However, in experiments reported here, the effective bandwidth is of 150 nm (Full Width at Half Maximum) centred around 625 nm. Therefore, in a medium with a refractive index of 1.5, such as cellulose, the axial resolution is about 1 lm. A part of the light is focused on the sample with a telecentric lens. The size of the beam on the sample is about 15 lm. The light beams issued from the interferometer are directed towards transmission diffraction grating (528 lines/mm) disposed in the perpendicular direction. Because of the incident angles of the two beams, the transverse direction of the diffraction grating introduces a time-delay varying linearly between the recombined beams. The sample depth is thus encoded across the grating that forms a time correlation axis. (ii) The second part of the set-up is primarily an imaging system that forms the image of the diffraction grating on a two-dimensional CCD image sensor (8 bits, 1256 9 1024 pixels, 20 frames per second in binning mode). Then the lines of the CCD camera encode the depth of the sample, and an Ascan is obtained without scanning along the image lines.
The total recorded signal is the sum in intensity of individual fringe patterns formed by each wavelength of the incident beams. Two temporal signals r(t) and s(t) with the same polarization state are incident onto the grating (G) with the same angle and opposite sign. r(t) and s(t) have complex spectrum given byRðmÞ andŜðmÞ; respectively, whereRðmÞ andŜðmÞ are Fourier transforms of r(t) and s(t). They also can be expressed with their complex form aŝ with m the frequency of the signal.
We consider in the following one diffracted beam (-1 order) and the other one being only transmitted by the diffraction grating (zero order). The modulus of the spectrum of the diffracted beam is directly accessible in the spectral plane of the spectrometer which is physically in the back focal plane of the lens L. The other beam that is simply transmitted by the grating is focused at a single point in the same back focal plane. Based on upper considerations, a simple analysis leads to the expression of total intensity C(x) in the plane D:
where z is the horizontal coordinate along the CCD camera lines, I 0 the background intensity, Re denotes the real part. K is the grating period, c the magnification of the imaging system, h i the incident angle of the beam and c the speed of light in vacuum. The reference beamRðmÞ is assumed to be real whileŜðmÞ can be either real or complex depending on the optical sample properties. The reader may refer to Refs. [36] [37] [38] [39] [40] for a complete overview of such systems. The image acquisition is done with NI Labview Software.
Focused Ion Beam
During the last decade, the use of dual beams, i.e. FIB and Scanning Electron Microscope (SEM), has become widespread in the fields of materials and micro-nanotechnology, because it offers on the same platform the capability to image and mill locally a wide range of materials and objects [41] with a very high resolution. Two equipments were used to conduct the experiments as we started to work on a SEM LEO 440 upgraded with a FIB column Orsay Physics Canion 31 (L440) which was then replaced by a FEI Helios Nanolab 600i (FEI600i). As the fibres are composed of organic material, a thin layer of chromium (100 nm) has been deposited at the surface of the fibres by sputtering. This layer has two main goals: to allow a good electrical conductivity to avoid charge effects, and to protect the fibre during the milling process.
The first experiments conducted on the L440 are divided into two main steps: at first, the fibre is cut with a high probe current (600 pA), and then the part of the fibre to be observed is polished with a lower probe current (60 pA) in order to get the minimum surface roughness. The shown images have been performed with the FIB probe instead of the SEM probe because it allows an enhanced contrast (Fig. 3a) .
Most of the FIB experiments shown in this paper have been made thanks to the FEI600i (see sketch on figure). The position used to cut the fibre is the position 2. The first step consists in the deposition in situ of a 1-lm-thick layer of Pt to protect the area of interest and to avoid the curtain effect. Then, the fibre is cut with the FIB at a high voltage of 30 kV with a high probe current (63 nA) and finally polished at lower probe currents (9 nA and then 230 pA). The SEM allows seeing the result after milling, without changing the position of the fibre (for Figs. 3c, 4, 5a) . The last experiment (Fig. 5b) is performed on the position 1. The fibre is milled with a 80 pA probe current, and snapshots are made every 20 s thanks to the secondary electrons emitted during FIB irradiation.
Results and discussion
Internal structure revealed by FIB cutting
The isolated single fibres were firstly examined using polarised light microscopy to determine their outer diameters, detect the presence of twists or defects in fibre and to check that only a single fibre was present on each paper frame. Indeed, the most common method used in the ''plant fibre community'' to check the single character of the fibre is to observe it from different angles using polarised light microscopy.
Among these fibres, several fibres with the same order of magnitude in diameter (approximately 30 lm) were selected and prepared for FIB cutting. Some examples of the transverse sections of isolated fibres revealed by the FIB cutting are proposed in Fig. 3b , c. The chromium layer covering the fibres is easily visualized on this picture. Contrary to all expectations, these observations also revealed two types of internal structure:
(i) single fibre with a very thick wall and a small lumen, (ii) bundle of very small fibres in diameter (from 3 to 11 lm).
The morphology of the fibres has to be described with great care, since the experimental conditions used to mill the cell wall (vacuum, sputtering…) may induce many changes in morphology and can in particular induce the collapse of the fibre. The extent of the collapse may be such that the two sides of the inner wall touch completely closing the lumen. This is particularly evident on several fibres in the bundle on Fig. 3c . Some damages are also obvious. The small ''tunnels'' in the radial direction (Fig. 3b) corresponding to the ion direction can be explained by a difference of irradiation sensitivity of the wall material in the cross section of the fibre. These tunnels were also observed by Domenges and Charlet [19] . Anyway, the internal organisation is significantly different between the two fibres. In all likelihood and according to the work of Blake et al. [8] , it seems that the first type corresponds to a single primary bast fibre and the second one to a bundle of secondary bast fibres. According to the literature [5] [6] [7] [8] [9] , the diameter of the hemp fibres lies between 2 and 3 lm for the smaller secondary fibres to 40-50 lm for the bigger primary fibres. This order of magnitude is consistent with the dimensions of the observed fibres (Fig. 3b, c) . The separation process used for these fibres seems insufficient to reach a complete degradation of interfaces between secondary fibres. The chemical composition and/or the ease of access for the degradation agents in middle lamellae are certainly different for primary and secondary fibres.
This result is of great importance for the mechanical characterization of the bast hemp fibres. Indeed, this means that during the test campaigns, the batch of isolated fibres prepared on the mounting tabs is undoubtedly composed of both single primary fibres and bundles of secondary fibres. This could participate in the high scattering in tensile behaviour and properties observed on hemp fibres. To the best of the authors' knowledge, the potential difference in mechanical behaviour and properties between the two types of fibre has not been properly investigated or characterized in the literature. In a bundle of fibres, the interfaces between the ultimate fibres (middle lamellae) and the discontinuities of the fibres along the bundle length could presumably induce some differences in the mechanical behaviour, properties and damage kinetics in comparison to an isolated single fibre. In addition to this structural consideration, it is also possible that single primary and single secondary fibres have basic differences in mechanical behaviour. Pickering et al. [10] show that the average tensile strength of hemp bast fibres was changed during the flowering stage of the plant. They attributed this variation to the change in proportion in primary and secondary fibres and considering that the primary fibres have a higher strength. Taking into account these results and the differences in the fibre morphologies and biochemical composition [5] , it seems realistic to believe that primary and secondary fibres expose different mechanical behaviour and properties. To investigate and quantify properly the potential differences in mechanical behaviour between single primary fibres and bundles of secondary fibres, experimenters need to identify each type of fibres among jumble fibres, as delivered by producers. FIB cutting is not a rational option for this type of tests, since tensile campaigns are generally performed on several hundreds of fibres. FIB cutting is highly time consuming and really expensive. In a next part of this work, we propose an optical alternative.
After FIB cutting, we can also observe on the transverse section the different layers constituting the fibre wall (Fig. 4) . In addition to the middle lamellae, it clearly appears that the cell wall is made of two main layers. From the external part of the fibre to the lumen, the first one has a thickness of several microns and the second one a few hundred nanometres in thickness. These layers, or more exactly the interface between these layers, are emphasized when the fibre is irradiated with Ga ? ion beam current during a prolonged time. Figure 5 shows several images recorded on a same fibre at a different time of exposure. Some parts of the cell wall are less sensitive to the Ga ? ions irradiation. The identification of these highly resistant constitutive polymers requires some additional experiments, relying on biochemical screening, or prior biochemical knowledge.
370 FIB cuttings were also performed every 50 nm in the fibre length on a fibre of approximately 30 lm in external diameter. The first cutting revealed that the fibre was a bundle of twelve elementary fibres (Fig. 6a) . After each cutting, a secondary electrons image was recorded. The movie made of these pictures is proposed in the animation (Online Resource 1, ''FIB.mpg''). Figure 6a shows recorded images corresponding to three positions in the fibre length (initial point, 10 and 18 lm away from the initial point). The movie and selected images show that both the inner shape and outer shape of the elementary fibres significantly change as the function of the length, even when considering a small fibre length. In Fig. 6a , the ultimate fibre numbered 1 is emphasized by highlighting the middle lamella by a thick white line. The evolution of the contour line as a function of the fibre length is obvious. These pictures also show some damages in the cells wall, such as cracks ( Fig. 6a; z 0 ? 10 lm) . They can originate from experimental conditions or from drying. They can also have been induced during the plant growth or during fibre processing. The main lateral dimensions (along x and y directions) of the ultimate fibre n°1 are also plotted as a function of the fibre length (see Fig. 6b ). The fibre width increases from 9.1 to 11 lm along the y axis and decreases from 4.4 to 3.4 along the x axis. In this latter direction, a significant increase in width is observed (up to 5.6 lm) in the portion of the fibre where the main damages where observed (near z 0 ? 10 lm).
As for X-ray, the FIB images recorded after FIB cutting can be used to produce 3D digital representations of elementary fibres by mathematically reconstructing projection data.
Investigation of the internal structure using OCT Approximately 10 fibres were also examined using OCT. Intensity profiles were plotted at different positions in the length of the fibre. The normalized intensity in the plane was plotted as a function of the fibre thickness. The theoretical intensity versus thickness plot is represented for a perfectly cylindrical and homogeneous material in Fig. 7 . This technique is able to reveal the interface between two media with different optical properties (such as air and fibre in this example). The amplitude of the peak gives the local reflectivity; hence, it indicates the difference level in refractive indexes between different layers. The width of the peak is normally connected to the spectral bandwidth of the light source. Theoretically, in the case of a Gaussian light source, this width is given by dz ¼ broadening could be used in some cases to access to the physical composition of the medium itself [42] . The distance between the peaks (x) is proportional to the fibre diameter (d) and to the refractive index of the material (n f ), as written in the following equation:
For plant fibres, the relationship between the thickness and the optical properties is more difficultly established. If considering the fibre cylindrical and the layers concentric, we obtain
with e i , the thickness of the ith layer, n i , the refractive index of this layer.
The previous results obtained with FIB cutting have shown that the hemp bast fibres are not perfectly cylindrical and that the layers are not concentric. The layers are also different in composition [2] . The S2 layer is mainly composed of cellulose and hemicelluloses. The middle lamella is also made up of lignin and pectins. The cellulose is well known to birefringent. The cellulose microfibrils angle (MFA) also varies from one layer to another. So considering these differences both in composition and microstructure, it is plausible that the optical properties significantly vary according to the layers. For this type of configuration and geometry, the validity of Eq. 5 can be questioned, and a quantitative approach requires theoretical developments. So, for this reason and for the following results, a qualitative approach is proposed, and the thickness axis is dimensionless.
Optical coherence tomography intensity profiles of two of the tested fibres are plotted in Fig. 8 . Even if the external aspect observed with Polarised Light Microscopy (Fig. 8 , on left) and the external diameters are quite similar for these two fibres, the OCT profiles are really different (Fig. 8, middle) . The first profile has two major peaks (M 1 and M 2 ) and two minor peaks (m 1 and m 2 ). The second profile is more complex and made up of three series of peaks with varying intensities. This result indicates that further interfaces between different materials are present in the second fibre. After OCT examination, the fibres were transversely cutting at the corresponding specific position in length in order to associate the OCT intensity profile to the internal structure of the fibre at this position. (right) shows the secondary electron images of the transverse sections of both fibres after FIB cutting. These images clearly show that the first fibre is an elementary fibre (probably a primary bast fibre) and that the second one is a bundle of 8 elementary fibres of a few microns in diameter or width (probably secondary bast fibres). It is also obvious that the OCT technique is able to relate these differences in the internal structure of the fibres. For the first fibre, the most intensive peaks (M 1 and M 2 ) are attributed to the interface between the environmental air and the external surface of the fibre. The two other peaks (m 1 and m 2 ), with a normalized amplitude of approximately 0.2 and 0.3 are attributed to the interfaces between the internal surface of the fibre and the air or medium in the lumen. Effectively, it is well known that the lumen may contain nitrogenous residue of protoplasm or organic/inorganic salts [43] . For the second fibre, the intensity plot is more complex than for a single fibre. The numerous peaks are related to the high number of interfaces between the cell wall and the lumen of the constitutive elementary fibres. The glance of the OCT intensity profiles can easily be used to discriminate the type of fibres.
Conclusion
This paper has investigated the internal structure and morphology of hemp bast fibres using destructive and nondestructive techniques, i.e. FIB microscopy and OCT.
Results show for a same range of external diameters (of about 20-30 lm), two types of internal structures: (i) elementary fibres with a thick wall and a small lumen and (ii) bundle of small fibres with an external diameter of a few microns. According to data of literature, these two structures were identified as being respectively primary fibre and bundle of secondary fibres. This result is of great importance for the mechanical characterization of the bast hemp fibres. Indeed, this means that during the test campaigns, the batch of isolated fibres is undoubtedly composed of both single primary fibres and bundle of secondary fibres. It certainly participates to the high scattering in results.
We also demonstrate in this paper that OCT, a nondestructive and non-invasive technique, is able to quickly and easily discriminate these types of internal structures.
Optical coherence tomography is also a promising technique to distinguish the sub-layers of the cell wall. Using scans according to different material directions and the development of mathematical algorithm, OCT is also a promising technique able to deliver the 3D morphology of the fibre.
